Introduction 37
Sewage treatment plants (STP) are the main source for the release of nanoparticles into the 38 aquatic environment (Gottschalk and Nowack, 2011) . Although a considerable fraction of 39
NPs in wastewater ends up in sewage sludge, which is often used as fertilizer in agriculture 40 showed that the exposure to 40 µg/L AgNP leads to an significantly lower mean number of 53 offspring while the study of Ribeiro et al. (Ribeiro et al., 2014 ) estimated a 21 day EC50 value 54 of 1.0 µg/L for AgNPs. By contrast, the exposure to AgNO3 leads to a higher toxicity with a 21 55 day EC50 value of 0.385 µg/L for reproduction (Ribeiro et al., 2016) . This difference of the 56 effects and toxicity of AgNP and ionic silver (in form of AgNO3) were further found by a study 57
with Daphnia magna (Zhao and Wang, 2011) and zebrafish larvae Danio rerio (Asharani et 58 al., 2008) . However, the mechanism of the toxicity of AgNPs is not fully understood (Völker et 59 al., 2013b) but can be mostly explained by the release of ionic silver (Yang et al., 2012) . Ionic 60 silver is one of the most toxic metals for freshwater organisms, especially for amphipods and 61
cladocerans (Bianchini et al., 2002; Ratte, 1999) . Silver ions can inhibit the Na + /K + /ATPase 62 transport system leading to a fatal failure of ion-regulation (Bianchini and Wood, 2002 mechanical damage is caused due to sorption of TiO2NPs onto aquatic organisms, resulting 78 in reduced filtering efficiency, decreased swimming speed and an increase in mortality due to 79 an inhibition of moulting (Bundschuh et al., 2016) . 80
Ecotoxicological studies for testing toxic effects of NPs have been mainly carried out with test 81 media supplemented with pristine NPs. However, transformation processes during the STP 82 process may lead to differences in the toxicity of pristine and wastewater-borne NPs. For 83 instance, it is known from several studies that sulfidation is one of the major transformation 84 processes of AgNPs into Ag2S, while passing through a STP, which can be detected in both 85 sludge and effluents (Kaegi et AgNPs to the aquatic environment and estimated that 53 % of the particles in the effluent of 90 a STP are present in a transformed form, mostly Ag2S, 22 % are dissolved and only 18% of 91 the NPs are released as nanoparticles (Adam et al., 2018 
Material and Methods 133

Study species 134
Populations of the freshwater cladoceran Daphnia magna (clone V; Federal Environment 135 Agency, Berlin, Germany) were cultured in an air-conditioned room (20 ± 2 °C) with a 16:8 h 136 once a week and in addition, juveniles were removed three times a week to avoid a high 142 density. Daphnia were fed daily with the green algae Desmodesmus subspicatus. Algae 143 were cultured in an air-conditioned room (24 ± 1 °C) with a 16:8 h (light:dark) photoperiod. 144
Culture medium was prepared as described elsewhere (Bringmann and Kühn, 1980) . Before 145 use, the algae stock culture was centrifuged and re-suspended in ultra-pure water to provide 146 an appropriate food source. 147
Preparation of test media and particle characterisation 148
Silver-nanoparticles (NM-300K) 149
All experiments with AgNPs were performed with NM-300K, which is one of the reference 150 nanomaterials within the OECD Working Party on Manufactured Nanomaterials (WPMN) 151 concentration: 50 mg Ag/L ASTM-medium) was prepared. In addition to the test media 160 containing pristine AgNPs, a matrix control containing the AgNP-free dispersing agent, NM-161 300K-DIS, in ASTM-medium (dispersant stock; nominal concentration: 50 mg NM-300K 162 DIS/L) was prepared as a matrix control. All dilutions were done by volume in PP 163 (polypropylene) vials (VWR, International, Langenfeld, Germany). 164
Titanium dioxide-nanoparticles (NM-105) 165
The experiments with TiO2NPs were conducted with the OECD reference nanomaterial 166 (WPMN programme) NM-105 (> 99% purity, ~ 14% rutile and ~ 86% anatase, uncoated, dry 167 powder) with a nominal primary particle size of 21 nm for anatase and 15 nm for rutile 168 (Rasmussen et al., 2014) . Before use, the TiO2NP powder was dispersed in PP vials (VWR 169
International, Langenfeld, Germany) in ASTM-medium to reach a working stock dispersion 170 with a nominal concentration of 500 mg/L. The dispersion was sonicated for 16 min using an 171 ultrasonic homogenizer (Bandelin SONOPLUS HD2200, Berlin, Germany) equipped with a 172 13 mm horn (MS 72) at 40% amplitude . Dilutions were done in PP 173 vials (VWR International, Langenfeld, Germany). The suspension was used immediately. 174
Particle characterisation 175
A FEI Talos F200X electron microscope (Thermo Fisher Scientific, Waltham, USA) operating 176 at 200 kV was used for (scanning) transmission electron microscopy (S/TEM) analysis. 177
Imaging was carried out with a high-angle annular dark-field detector to enhance the contrast 178 Table 1 . 253
Exposure scenario (ii): wastewater-borne NPs 254
For the scenario with wastewater-borne AgNP (iia) and with the wastewater-borne TiO2NP 255 (iib), the collected effluents from the model STPs were shaken for two minutes before use to 256 get a homogeneous suspension. Effluents from model STP runs without NPs were diluted 257 with ASTM-medium at the lowest dilution factor applied for the treatment preparation and 258 used as control medium (Table 1) Table 1 . No matrix control was included. Wastewater-borne 263 TiO2 (scenario iib) was tested by using the control (STP-C 2) and three wastewater-borne 264
TiO2 treatments (STP-TiO2 1-3) with different concentrations of TiO2NPs. Dilution steps for 265 the wastewater-borne TiO2NP (iib) treatments and information on media preparation are 266 presented in Table 1 . 267
Collection of media samples for determination of total Ag and Ti concentrations 268
For the STP effluent with AgNP and TiO2NPs, aqueous test samples were taken of the fresh 269 collected effluents, directly after the run of each STP. During the semi-static tests, test media 270 were renewed twice a week after two days and once a week after three days of exposure. In 271 generation F2, samples of freshly prepared media were taken to verify concentrations of total 272
Ag in the different treatments. During the same generation, further samples were taken after 273 three days of exposure representing the longest exposure period without media change. In 274 total, three sets of fresh and aged media were available to specify potential changes in 275 media concentrations in the course of the multi-generation studies with Ag. Similarly, a single 276 set of fresh and aged test media was collected within generation F4 to determine total Ti 277 concentrations. All aqueous samples were stored at 4°C for four weeks before the analysis. 278
Determination of total Ag and Ti using ICP-MS and ICP-OES 279
Determination of total Ag concentrations in media samples and in STP effluent as well as 280 determination of total Ti concentrations in media samples were carried out at the University 281 Germany), and 1.00 g of ammonium persulfate (> 98% p.a. ACS, Carl Roth GmbH + Co. KG, 304
Karlsruhe, Germany) was added to the crucibles. A Bunsen burner was used to fume the 305 crucibles for 5 min. After cooling down, the crucibles were filled with bi-distilled water and 306 placed on a hot plate to boil for 10 min. The obtained digest was transferred to 15 mL PP 307 centrifuge tubes (VWR International, Langenfeld, Germany), nitric acid was added to the 308 samples to achieve a concentration of 2% (w/v). The samples were shaken and analysed on 309 the same day. All aqueous test samples were measured three times and quantified based on 310 Ti 334.941 nm. All samples contained 200 μg/L scandium (Inorganic Ventures, 311
Christiansburg, VA, USA) as internal standard to perform internal standard correction. All 312 concentrations were calculated from calibration graphs using the internal standard correction. 313 LOD and LOQ for Ti 334.941 nm were ranging from 0.56 to 1.84 µg/L and from 1.88 to 314 6.14 µg/L, respectively, depending on the experimental conditions. 315
The main ICP-MS and ICP-OES instrumental parameters are presented in Table A. 
316
Expanded uncertainty (U, k = 2) was calculated for all measured concentrations from 317 standard deviations using the error propagation; taking into account the dilutions, 318 uncertainties of the calibration, and the instrumental uncertainties. The coverage factor 319 (k = 2) corresponds to the 95% confidence interval. 320
For the analysis of total Ti concentrations in STP effluent, samples (4 mL) were acidified with 321 0.8 mL nitric acid (69%, Suprapur®, Carl Roth, Germany) and 0. 
Statistical analysis 336
The statistical analysis was performed using the statistics program R version 3.2.4 for 337
Windows (R Core Team, 2016). For each exposure scenario and each generation (F0 -F5) , 338 the cumulative mean number of offspring (± sd), the mean body length (mm ± sd), mortality 339
[%] and the mean time to first brood (days ± sd) were calculated. All data were checked for 340
correction. Significant p-values were marked with asterisks (* P < 0.05, ** P < 0.01, *** P < 347 0.001). All p-values are two tailed. was supported by the atomic Ag/S ratio of ~2 (Fig 1B) . Other possible transformation 361 products with different chemical moieties such as Cl can be ruled out due to the absence of 362 the corresponding EDX signals. In contrast to that there is no evidence for the chemical 363 transformation of TiO2NPs. Titanium in its highest oxidation state of +IV is chemically stable 364 and therefore not affected by sulphur, which is exclusively associated with the surrounding 365 organic matrix (Fig 2B) . The small amounts of sulphur found in samples of pristine NPs most 366 likely stem from the sulphate ions which were a component of the ASTM-medium. Since the 367 relative amount of sulphur for pristine AgNPs was (i) substantially lower than for wastewater-368 borne AgNPs (Ag/S ratio of 30 instead of 2) and (ii) comparable to pristine, chemically inert 369 TiO2NPs, it can be assumed that no sulphidation process occurred. This transformation 370 typically requires a reaction with sulphides (S 2-) or thiols (R-SH) which is more likely to occur 371 during wastewater treatment but not in ASTM media. Hence, AgNPs were still in their pristine 372 state and therefore able to generate toxic Ag + ions. Copper and silicon signals were either 373 spurious x-rays from the TEM grid or originate from contaminations, whereas the remaining 374 elements (Na, Ca, Mg, Al, P) were residues from the wastewater medium. 375 376
Total Ag and Ti concentration in STP effluents and test media 377
The analysis of the total Ag and Ti content of the STP effluent are shown in Table 1 (Table 2 ). The total Ti content of the ASTM-control treatment were estimated with < 0.56 µg/L 394 (p-C 2) and of the control effluent with 14.71 µg/L (STP-C 2). The analysis of the aged 395
medium showed for nearly all tested treatments a decrease in the total Ag and Ti content 396 (Table 2 ). The concentration of p-Ag 1 and STP-TiO2 1 were higher in comparison to the 397 fresh media content. Additionally, the pooled expanded uncertainty (U) for all measured total 398
Ag and Ti content are presented in Table A .3. 399 400
3.3.
Multi-generation study 401
Reproduction and body length 402
Exposure scenario (i): pristine NPs 403
In the experiment with pristine AgNPs (ia), we found no significant differences in none of the 404
key parameters in focus between the ASTM-control (p-C 1) and the matrix control (p-M 1) in 405 all tested generations (F0 -F5) (data not shown). Hence, we combined the ASTM-control 406
with the matrix control and refer to them in the following as control. 407
In all generations (F0 -F5) exposed to pristine AgNPs a significant lower cumulative mean 408 number of offspring per Daphnia in comparison to the control was observed with increasing 409
AgNP concentrations (Fig 3) . The cumulative mean number of offspring in generation F0 was 410 affected by all tested concentrations (Kruskal-Wallis test, χ² = 28.949, P ≤ 0.001, Fig 3) , 411 except for the lowest concentration treatment (p-Ag 1). In the control, on average 61.67 412 neonates were released, which were significantly more than in treatment p-Ag 2 with 55.20 413 The exposure of Daphnia to pristine TiO2NPs (ib) had no effect on the reproductive success 435 nor on the adult´s body length in any of the treatments (Fig 4, Table A .4 and A.5) and over all 436 tested generations (F0 -F5) . 437
Exposure scenario (ii): wastewater-borne NPs 438
In comparison to pristine AgNPs, the exposure of female Daphnia to wastewater-borne 439
AgNPs (iia) had no effects on the reproduction success nor on adult´s body length in treated 440
Daphnia compared to Daphnia of the control over six generations (F0 -F5) (Fig 5, Table A.4  441 and A.5). Since no matrix control was used for the wastewater borne AgNP exposure 442 scenario, the control effluent treatment served as the control. 
Discussion 462
In this study we investigated long-term effects of pristine and wastewater-borne Ag-and TiO2 463
NPs on key lifecycle parameters in D. magna in a multi-generation test approach. When 464
Daphnia was treated with pristine AgNPs, the number of offspring was significantly 465 negatively affected in all tested generations (F0 -F5). In contrast, no effects on reproductive 466 success were observed when animals were exposed to wastewater-borne AgNPs. This is in 467 accordance with the results of former ecotoxicological studies with freshwater invertebrates 468 using the effluent of lab-scale STP containing wastewater-borne AgNPs (Georgantzopoulou 469 et al. 2018; Kühr et al. 2018 ). The release of ionic Ag from the AgNP surface into the test 470 media is probably the main mechanism behind the toxic effects observed for pristine AgNPs. STP. This study hence shows that it is essential to consider transformation processes of 498 nanomaterials during STP processes to allow for a realistic environmental risk assessment of 499
AgNPs. 500
The results of this multi-generation study with environmentally relevant concentrations of 501 TiO2NPs demonstrated that neither pristine nor wastewater-borne TiO2NPs caused any 502 significant effects regarding the reproductive success of D. magna. Furthermore, both 503 exposure scenarios with TiO2NPs did not lead to a population collapse as previously 504 described by Jacobasch et al. (Jacobasch et al., 2014) . However, the majority of studies 505 published on ecotoxicological effects of TiO2NPs focused on the investigation of the 506 mechanisms and the toxic effects of pristine TiO2NPs. Concentrations up to 100 times higher 507 compared to this study were applied. To our knowledge, this is the first study on the toxicity 508 is most likely that TiO2NPs in STP effluents are released in pristine form. Since both tested 518 scenarios, exposure to pristine or wastewater-borne TiO2NPs, respectively, led to similar 519 results, it seems that the toxicity of TiO2NPs does not depend on the exposure pathway but 520 rather on the used test concentrations and the formation of large agglomerates. The results 521 clearly indicate that environmentally relevant concentrations of TiO2NPs do not lead to 522 physiological nor mechanical damage in Daphnia. This is in contradiction to the calculated 523 risk quotient (RQ) of TiO2NPs for water systems between > 0.73 and 16 which has to be 524 considered critical for the aquatic environment (Mueller and Nowack, 2008) . Further studies 525 are required in this respect to elucidate in more detail the fate and the ecotoxicological 526 impact of wastewater-borne TiO2NPs on aquatic organism. 527
In this study the toxicity of pristine and wastewater-borne NPs was evaluated based on the 528 nominal concentrations of Ag and Ti in the applied media. The concentrations of total Ag and 529
Ti were determined with state-of-the-art analytical instruments in aqueous samples of fresh 530 and aged media collected during one of the multiple test generations. The results show that it 531 is important to determine the actual exposure concentrations during the study instead of 532 nominal concentration only, which would clearly overrate the applied dosage. However, 533 based on the large scale of the study and the long duration (13 weeks per experiment), no 534 sample analysis could be performed at each water change over six generations due to the 535 high workload. Furthermore, test concentrations decreased during the semi-static tests 536 between the media replacements after three days of exposure. Therefore, we recommend to 537 exchange water media every day during the complete period of testing to derive an even 538 more detailed picture of the exposure conditions in such long-term chronic or/and multi-539 generation studies and to improve the ecotoxicological risk assessment for NPs in aquatic 540
environment. 541
The use of wastewater-borne NPs for ecotoxicological testing represents a more realistic 542 exposure scenario compared to test media supplemented with pristine NPs. However, care 543 should be generally taken with respect to the use of laboratory test systems which may 544 influence the effects induced by NPs. For instance, AgNPs show a strong adsorption to 545 borosilicate glass surfaces (Struempler, 1973) . The adsorption may be only partially 546 reversible during cleaning, therefore, glass vessels, which were previously exposed to Ag 547 ions or AgNPs may exhibit partial desorption of silver from the glass walls. The use of 548 polycarbonate containers for testing AgNPs as recommended for ionic Ag (110 m AgNO3) 549 should be considered (Sekine et al., 2015) . In this multi-generation approach, however, it 550
was not possible to use new glass vessels for every media replacement. Thus, beakers were 551 carefully cleaned before re-use by inserting into a 70% nitric acid bed and afterwards, 552
washing two times in a dishwasher and finally dried in a warming chamber at 120°C. 553
Nevertheless, background contaminations as measured in the control treatments of the 554 chronic study with pristine NPs could still not be avoided. However, all control treatments met 555 the validity criteria of the OECD TG 211 (OECD, 2012) (Baird et al., 1989) . Therefore, our study was 565 carried out with ASTM-medium, which was used to prepare test media containing pristine 566
NPs and to dilute the STP effluents. Ecotoxicological studies with NPs and STP described in 567 the literature are based on a range of different test media. However, care should be taken if 568 results of studies using different fully defined test media are compared because test media 569
can have a significant impact on the bioavailability of NPs (Käkinen et al., 2011) . Note: For exposure scenario iib the total concentration of the effluent is present as µg/L ± sd; n/r -not required; n/m -not measured; U -881 expanded uncertainty for measured concentrations 882 Note that mean total silver concentrations (n = 3), except for the value "*" marked, where n = 2. Only one replicate was measured for total Ti 885 content; experiments were performed parallel, according to the NP; n/m ̶ not measured 886
